INTRODUCTION {#s1}
============

In humans, the structure of the hallux is independent of the lesser toes. It has been reported that the toe flexor muscles have varying morphologies (e.g., fiber length and physiological cross-sectional area \[PCSA\])[@r1], [@r2]^)^, and that the amplitude of the muscle force exhibition is dependent on the PCSA (i.e., the total number of muscle fiber), while the velocity of the muscle contraction is dependent on the fiber length (i.e., the total number of sarcomeres, which are arranged in series[@r3]^)^. Based on these previous studies, it can be hypothesized that differences in morphology between the hallux and lesser toes affect the differences in muscle function. In fact, it has been reported that there are different effects between hallux and lesser toe exercises[@r4]^)^.

The toe plantar flexion muscles contribute to controlling posture during the single leg stance, and previous studies have reported that the ability to control posture is significantly improved after toe plantar flexion exercise[@r5]^)^. The postural sway during the single leg stance is correlated with the toe plantar flexion strength[@r6]^)^ and can be used as an index of the ability to control posture. The peripheral area and maximal displacement of the postural sway trajectory correspond to the sway amplitude, and the length of the postural sway trajectory per a unit of time indicates the sway velocity. These values increase with age[@r7]^)^, and dancers and gymnasts, who require a high ability to control posture, have been demonstrated to show smaller sway[@r8], [@r9]^)^.

Taken together, these previous studies indicate that the toe plantar flexion muscles contribute to controlling posture during the single leg stance and that there are differences in morphology between the plantar flexion muscles of the hallux and lesser toes, suggesting that these muscles differ in function during the single leg stance. However, it remains unclear whether contraction of the plantar flexion muscles of the hallux and lesser toes can differentially affect the performance of the single leg stance.

Of note, there is a phenomenon known as postactivation potentiation, in which the gradient of the force production increases after high-intensity, short-duration contractions (intervention of the efferent pathway)[@r10], [@r11]^)^. The muscle activity during postactivation potentiation is called conditioning contraction[@r11]^)^. Improvements in force production ability occur approximately one to four minutes after muscle contraction, owing to the fact that, immediately after conditioning contraction, the effect of the postactivation potentiation is countered by muscle fatigue[@r12]^)^. After a conditioning contraction, it is seems that the muscles enable production of a required force more quickly, as the gradient of force production is increased. With this in mind, the purpose of this study was to determine the functional differences of the plantar flexion muscles of the hallux and lesser toes during the single leg stance by comparing the postural sway in different conditioning contraction interventions.

SUBJECTS AND METHODS {#s2}
====================

Thirty-four healthy young males and females (17 males and 17 females) participated in this study. The mean values ± standard deviations for age, height, and body weight were 22.8 ± 2.4 years, 170.0 ± 4.5 cm, and 62.3 ± 6.2 kg for males and 21.8 ± 1.8 years, 159.7 ± 3.0 cm, and 54.8 ± 5.2 kg for females, respectively. The exclusion criteria of this study included participants with lower limb or toe orthopedic disorders and neurological disorders. This study was approved by the Ethics Committee on Human Research of Waseda University (approval number: 2014-013). The purpose and methods of this study were explained to the subjects by the authors, revealing all the details of the study protocol, and informed consent was obtained from all participants.

The experimental protocol is shown in [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Experimental protocol of this study.All subjects performed all interventions with at least a one-day interval.. Before the experiments, all subjects underwent Chapman's dominant leg test to determine their dominant leg[@r13]^)^. During the experiments, the subjects were instructed to stand on a stabilometer (GP6000; Anima, Tokyo, Japan) using a single leg for 30 seconds, and the center of pressure was recorded on a personal computer at 20 Hz. During the single leg stance, the arms of the subjects were folded across the chest, and their eyes were open. The experiment was conducted in a limited visual and auditory disturbance room. After the single leg stance, the subjects performed conditioning contractions of the plantar flexion muscles of the hallux (Ex-1) or lesser toes (Ex-2) in the standing position or stood upright for one minute (control). In the Ex-1 and Ex-2 interventions, the subjects performed maximal voluntary isometric contractions of plantar flexion of the hallux or lesser toes for six seconds with visual feedback from a plantar pressure distribution measurement system (F-scan II; Nitta, Osaka, Japan). One minute after the intervention, the subjects performed the single leg stance for 30 seconds, and the center of pressure was recorded again. The experiments were conducted for the nondominant leg first, followed by the dominant leg. After at least a one-day interval, another intervention was conducted by using the same procedure. The types and order of interventions were randomly decided.

The front-back and right-left direction components of maximal displacement (mm) and the total length (mm) of the postural sway trajectory were calculated. The maximal displacement value was normalized by the subject's height. The postural sway velocity (m/s) was calculated as the value of the total length (mm) of the postural sway trajectory divided by the measurement time.

Descriptive data are presented as means ± standard deviations. Two-way repeated measure analysis of variance with a Bonferroni's post hoc test was used to test the effects of the type of intervention on the maximal displacement and velocity of the postural sway trajectory. For all tests, statistical significance was set at p \< 0.05.

RESULTS {#s3}
=======

For the front-back direction component of maximal displacement, there was a significant reduction after intervention Ex-1 (p \< 0.01) ([Table 1](#tbl_001){ref-type="table"}Table 1.Maximal sway displacement in the interventionsDirectionExercisePre (%)Post (%)Front-backControl2.19 ± 0.672.10 ± 0.68Ex. 12.32 ± 0.672.11 ± 0.47\*\*Ex. 22.22 ± 0.632.12 ± 0.61Right-leftControl1.49 ± 0.341.46 ± 0.34Ex. 11.46 ± 0.331.47 ± 0.28Ex. 21.53 ± 0.361.49 ± 0.32\*\*p \< 0.01). However, no significant differences were observed in the Ex-2 and control interventions. For the right-left direction component of the maximal displacement, there were no significant differences in all interventions.

On the other hand, the front-back direction component of the postural sway velocity was significantly reduced after intervention Ex-2 (p \< 0.05) ([Table 2](#tbl_002){ref-type="table"}Table 2.Sway velocity in the interventionsDirectionExercisePre (cm/s)Post (cm/s)Front-backControl3.02 ± 0.882.98 ± 0.99Ex. 13.18 ± 1.023.07 ± 0.83Ex. 23.16 ± 0.983.04 ± 0.86\*Right-leftControl3.56 ± 0.933.61 ± 0.99Ex. 13.65 ± 0.983.70 ± 0.98Ex. 23.80 ± 0.983.66 ± 0.91\*p \< 0.05), while no significant differences were seen in the Ex-1 and control interventions. For the right-left direction component of the postural sway velocity, no significant differences were observed in all interventions.

DISCUSSION {#s4}
==========

The main findings of this study were as follows: 1) the front-back direction component of maximal displacement was reduced by conditioning contraction of the plantar flexion muscles of the hallux, and 2) the front-back direction component of postural sway velocity was reduced by conditioning contraction of the plantar flexion muscles of the lesser toes during the single leg stance. From these results, it seems that the plantar flexion muscles of the lesser toes control the postural sway velocity. Furthermore, since maximal displacement corresponds to the amplitude of postural sway, the plantar flexion muscles of the hallux appear to control the amplitude of postural sway.

The amplitude of muscle force exhibition is dependent on the PCSA, and the velocity of muscle contraction is dependent on the fiber length[@r3]^)^. In two previous studies, the PCSA and fiber length of the plantar flexion muscles of the hallux (flexor hallucis longus, abductor hallucis, flexor hallucis brevis, adductor hallucis) and of the lesser toes (flexor digitorum longus, flexor digitorum brevis, quadratus plantae, lumbrical, abductor digiti minimi, flexor digiti minimi brevis) were reported[@r1], [@r2]^)^. On the basis of these previous reports on the fiber length and PCSA of the plantar flexion muscles of the toes[@r1], [@r2]^)^, we calculated the theoretical fiber lengths for each group of hallux and lesser toe plantar flexion. First, we calculated the percentage of the PCSA of the respective muscle out of the total muscle group (contribution rate). Next, the contribution rate of each muscle was multiplied by the respective fiber length. Finally, we calculated the total sum of all multiplication results for fiber length and contribution rate. Therefore, the theoretical fiber length of the plantar flexion muscle of the hallux group was 15.6 mm, and that of the lesser toes was 19.0 mm. Since the normalized fiber length of the plantar flexion muscles of the lesser toes was longer than that of the hallux, it seems that the velocity of the muscle contraction was also faster for the lesser toes than for the hallux. According to previous studies, the total PCSA of the plantar flexion muscles of the hallux was larger than that of the lesser toes, and it has furthermore been reported that the plantar flexion muscles of the hallux can produce more torque than those of the lesser toes[@r14]^)^. Overall, since the plantar flexion muscles of the hallux muscle are considered suitable for producing larger forces and the contraction velocity is slower, it appears that displacement is greatly controlled by activation of the plantar flexion muscles of the hallux during postural sway. On the other hand, since the muscle contraction velocity of the plantar flexion muscles of the lesser toes is faster, it seems that the postural sway velocity is controlled by quick activation of the plantar flexion muscles of the lesser toes before postural sway.

However, in this study, there were no significant differences in any of the interventions for the right-left direction components of maximal displacement and postural sway velocity. Many toe plantar flexion muscles run on the sagittal plane, and the center of mass is shifted toward the rear by contraction of the toe plantar flexion muscles[@r14]^)^. Therefore, we speculate that the right-left direction postural control during the single leg stance may instead be controlled at the ankle or more proximal joints.

Previous studies have demonstrated that, although dancers and gymnasts require a high ability to control posture, their total trajectory length (sway velocity) was approximately equal to that of other athletes, while the peripheral area of their postural sway trajectory (sway amplitude) was conversely smaller than that of other athletes[@r8], [@r9]^)^. In this study, the front-back direction sway amplitude was reduced by contraction of the plantar flexion muscles of the hallux, and it was accordingly suggested that facilitation of hallux function is important for controlling sway amplitude during actions performed under high loads.

On the other hand, although weakness of the plantar flexion muscles of the lesser toes was observed, no weakness of those of the hallux was seen in a previous study on elderly people prone to falling[@r15]^)^. Moreover, it has been reported that the postural sway velocity during the single leg stance increases with aging[@r7]^)^. In this study, it was suggested that the plantar flexion muscles of the lesser toes control the postural sway velocity, indicating that reducing the postural sway velocity by facilitating lesser toe functions may prevent falls in elderly people.

The main limitation of this study was that we did not measure the exerted force and muscle contraction velocity, and future studies are needed to determine the plantar pressure distribution and the muscle reaction times during the single leg stance.

Differences in the immediate effects of conditioning contraction between the plantar flexion muscles of the hallux and lesser toes were observed during the single leg stance, indicating that the functions of the hallux and lesser toes differ during this task. However, future studies are needed to confirm these findings and their implications.
